Current work on correcting the effects of atmospheric turbulence on telescope imagery, so as to approach the diffraction limit, requires attention to related effects to exploit it fully. In particular adaptive optics, which acts by means of a flexible mirror, is therefore colour-blind, and requires a hitherto unknown level of correction of atmospheric dispersion if it is to be used more than a few degrees from zenith. Adaptive optics can only operate over a very limited field angle and wavelength range. Fine fast auto-guiding can give substantially improved imagery, over wider field angles and wavelength range, requiring higher performance dispersion correctors than heretofore. This note describes a dispersion corrector to meet both these needs.
INTRODUCTION
Various very large telescopes, with apertures from 8 to 10 m in diameter, are at present being planned, or built, and all of them are committed to the correction of atmospheric effects to provide stellar images not greater than 0.1 arcsec in diameter. To achieve this requires the correction both of the rapidly varying seeing errors and of the atmospheric dispersion (AD) varying as the tangent of the zenith angle. For white light (AAO.4 to 0.8 11m), uncorrected AD produces an image spread of greater than 0.1 arcsec at zenith angles greater than 3 ~ 4, and astronomers commonly observe out to 60° or 65°.
The rapidly varying seeing errors are to be corrected by adaptive optics (AO), which acts by changing the shape of a flexible mirror. This process, therefore, is essentially blind to chromatic effects, which are to be corrected by an atmospheric dispersion corrector (ADC), which must be tuneable for zenith distance. Therefore, unless the dispersion is corrected to the O.l-arcsec level, correction of seeing errors by AO will only be effective on objects within 3 ~ 4 of zenith. Such an ADC can consist of Amici prism systems. These were originally designed for use as the dispersing element in a prism spectrometer. In its simplest form the Amici prism system consists of a cemented doublet of two prisms, one being of higher dispersion glass than the other, the prism angles being chosen so that, for some mean wavelength, a collimated light beam on traversing the prisms emerges parallel to the incident beam (Fig. 1) . In general, the beam will be displaced sideways, but will remain collimated. Collimated beams of longer or shorter wavelengths will be dispersed in opposite directions, and differently displaced, but will remain collimated.
AMICI PRISMS TUNEABLE FOR AD CORRECTION
Amici prisms can be used to correct AD using pair in tandem. Considering first the prisms in collimated light, this requires two Amici prisms, each of which produces a dispersion, over the required wavelength range, of half the AD at the maximum zenith angle to be corrected. These two prisms are to be mounted so that each can be rotated about the optical axis of the telescope. Then, if they are aligned so that their dispersions are parallel, and in the direction of zenith, their dispersions will correct the dispersion of the atmosphere at the maximum zenith angle. If they are then rotated by ± 90°, their dispersions will annul, giving the setting for an object at zenith, and appropriate rotations will correct for intermediate zenith distances.
AMICI PRISMS IN CONVERGING LIGHT
The treatment so far treats of collimated beams, and depends on the general theorem that a plane wavefront remains plane after traversing any system of plane refracting surfaces. This treatment suggests that very efficient AD correction may be possible in this case.
However, the passage of a convergent or divergent beam obliquely through plane refracting surfaces necessarily introduces aberrations, involving types different from the familiar Seidel aberrations of rotationally systemic systems, and which are more difficult to correct.
Before AO was in prospect, Wynne & Worswick (1986) studied the aberrations of Amici prisms for an ADC in the converging beam to the Cassegrain focus of a telescope, and the possibility of correcting them. They published designs, giving subarcsecond imaging, over the spectral range 365 to 1000 nm of correctors for the fill and the filS foci of the 4.2-m and the 2.5-m telescopes, both at the Observatory on La Palma. Their work offers no hope of corrections to AO standard.
More recently, Wynne (1996) designed, for the filS focus of the Keck lO-m telescope, an infrared ADC (AA1.0 to 2.5 !lm), giving stellar images not greater than 0.04 arcsec in diameter. This level of correction was only possible because the AD in the near infrared is so small, less than 1/10 that for 365-1000 nm. Again it offers no ground for thinking that an ADC in converging light can be designed to AO standard for the visible spectrum. To secure the level of correction with Amici prisms in collimated light requires that an optical collimator be inserted, in the convergent beam to the focus, followed by an ADC, followed by a decollimator to restore convergence to the telescope focus, where the instruments will be placed. This inevitably requires some complications, and might be expected to involve loss of light, but it can in fact be provided very simply and efficiently.
Amici prisms have their entrance and exit surfaces parallel if and only if the two glasses have identical refractive indices at the mean wavelength. The angles of the component prisms become inconveniently large unless the difference in their dispersions is considerable, and the range of available optics materials does not in most case provide materials meeting both requirements. Given Amici prisms with outer surfaces that are not parallel, it will commonly be convenient to mount them, in the converging beam to the telescope focus, so that one or other of the outer faces is normal to the telescope axis, about which the prisms are to be rotated. Either aspect is generally equally acceptable, and, if they are both mounted so that the outward-facing surface of each is normal to the telescope axis, rotation of the prisms about this axis will leave the outward facing surfaces unchanged in position.
If then, to these surfaces, a plano-concave or plano-convex lens be cemented, also centred on the telescope axis, then, if the now triple-cemented Amici prisms be rotated about the telescope axis, the outward-facing curved surfaces of the lenses will be unchanged in position. In addition, if the plano-concave lens be put facing the telescope mirrors and theplano-convex lens facing the focus, and the lenses be given suitable curvatures, they can to the paraxial approximation convert the beam of light from the mirrors to the focus to a collimated beam through the Amici prisms (Fig.  2) . Both lenses can be quite thin.
These thin lenses inevitably introduce some aberrations in the light traversing them, but there are various factors that tend to make these aberrations small.
All the very large telescopes in prospect are planned to have a principal working focus at a rather slow focal ratio (Keck filS; Gemini and ESO fI16), and for reasons of interchangeability they are likely to require the beam emerging from the ADC to have the same focal ratio as the incident beam from the telescope. It follows that the decollimating and the collimating lenses have equal but opposite powers, with in each case the collimated beam falling on the plane surface. Also, the two lenses are quite close together, so their aberrations, of opposite sign, are likely to be similar in size. There remains a degree of freedom in the design of the lenses to help to eliminate any discrepancy of aberrations, in that the two lenses can be made of glasses of different refractive indices and dispersions. Optical glasses are available with a very wide range of characteristics. The aberrations of the two thin lenses can be adequately designed by first-order aberration theory. By a suitable choice of glass types, the Seidel coefficient of spherical aberration, SI> can be made equal and opposite on the two lenses, and similarly the Schwarzschild (1905a, b, c) coefficients C1 relating to chromatic change of axial focus may be made to cancel. However, it follows from first-order theory that, if two thin lenses having equal and opposite values of C1 are separated, a finite Cz, the coefficient for chromatic change of magnification, results (Wynne 1978) .
This aberration, a radial chromatic displacement of the image, is uncorrected in the systems described above. It could be reduced if the two single lenses were replaced by achromatized doublets. Whether this complication is necessary must be considered in the context of the inherent limitations of the system. This aberration increases linearly with field angle and of course increase with spectral range. Adaptive optics is inherently limited in both respects since a wavefront shape measured at a single point in the image field, and undifferentiated in colour, will only to a limited extent correct the imagery at neighbouring points, and various colours. It is generally accepted that efficient AO can only correct over a field on the sky of less than 1-arcmin, and not at all at shorter visible wavelengths (where refractive indices of glass change most rapidly with wavelength).
Calculations of these chromatic effects have been done on a corrector design using single lenses, to be described in detail below. These show chromatic displacements of less than 0.05 arcsec, over a wavelength range of 589 to 1000 nm, and a field of 1.4-arcmin diameter.
On occasions when the seeing is so poor as to make AO ineffective, or when observations are required at shorter wavelength, the chromatic displacements remain small enough to be negligible for the image quality provided with fast fine guiding, for field diameters up to 2 arcmin at wavelengths from 365 to 1529 nm. 
THE ATMOSPHERIC DISPERSION CORRECTOR DESIGN
The ADC is designed for an 8-m telescope the form of which is given in Table 1 . This is similar to the Gemini telescope design. The detailed design of the ADC is given by an axial section drawing in Fig. 2 . The materials of the components are given by the Schott glass catalogue numbers BaK2, LLF6 and SK16, and the two central prisms are of calcium fluoride (CaF2).
As described above, the two triple-cemented components are to be counter-rotatable about the telescope axis to tune for the zenith distance of the objct being observed. Fig. 2 shows the two prisms in the orientation for maximum dispersion. Rotation of the two components by ± 90° gives the minimum dispersion for an object at zenith.
At maximum dispersion setting, the corrector introduces a dispersion, between 365 and 1.529 nm, of 5.29 arcsec, which under standard conditions (Allen 1973 ) corresponds to the sea-level atmospheric dispersion at 64 ~ 3 zenith distance, or at the altitude of Mauna Kea at 73 ~ 7.
The point image quality is illustrated, in Fig. 3 , by spot diagrams, at wavelengths of 365, 589 and 1529 nm, on-axis and at obliquities of 0.5,0.7 and 1.0 arcmin, the scale being given by the circle below, which corresponds to 0.1 arcsec. The image quality varies very little with zenith distance setting. Figs 3(a) and (b) refer to the maximum and minimum orientations. These spot diagrams show the intersections with a specified focal plane of 49 rays uniformly distributed over the entrance pupil of the telescope. For each wavelength and field angle, the intersections are plotted with respect to that of the central ray of the light pencil. They do not show the relative dispersions, which are determined by the angular setting of the prisms to suit the zenith distances.
The spot diagrams clearly meet the Gemini project definition of O.l-arcsec, imagery, which comprises at least 50 per cent of the light falling within a 0.1 arcsec diameter circle. The spot diagrams are calculated for double the field diameter at which AO can operate, and for a much wider spectral range.
This ADC should enable the AO on the Gemini telescopes to operate over as wide a field angle and spectral range as is possible for AO.
THE ADC OVER A WIDER SPECTRAL RANGE AND WIDER FIELD ANGLES
The position here is rather more complicated, due to the radial chromatic aberration C2 which becomes larger.
The effect of this aberration is a radial chromatic displacement of an image, so that, in an otherwise aberrationfree system, the image of a star will be a spectrum, in a radial direction from the axis, the length of the spectrum varying linearly with field angle.
The spot diagrams cover wavelengths from 365 to 1529 nm, but efficient detectors are not availabe to cover this range. The range 365-589 nm, but efficient detectors are not available to cover this range. The range 365-589 nm may be covered by CCDs, but is probably inaccessible for AO. The range 589-1529 nm probably contains all the wavelenghs available to AO. Dividing the wavelength range in this way, between two detectors, and assuming that the ADC will be tuned appropriately for each detector, then at field angle up to ± 0.5 arcmin the radial chromatic elongation of the stellar image will be less than 0.1 arcsec, and at field imagery at ± 1.0 arcmin the elongation will be less than 0.2 arcsec.
CONCLUSION
It would appear that this design of ADC provides correction of AO, out to high zenith distances, adequate to allow the use of AO over any conditions offield angle and wavelength range available to AO.
For conditions where AO is not possible, either because of poor seeing or because of a small wavelength range, the ADC will allow much wider field angles and wavelength range with image spreads up to 0.2 arcsc, which may be available from fast fine guiding.
